Abstract--The aim of this study is
Introduction
ELECTRICAL STIMULATION of nervous tissue using implanted electrodes can be used to induce muscle contraction in patients with an upper motoneuron lesion. The use of this concept to restore lost fmactions is limited in performance and applications. One of the problems is the inverse recruitment order of nerve fibres compared with physiological recruitment. In physiological muscle contraction, the recruitment of motor units by the CNS is in order of increasing motor unit size (the size principle, HENNEMA]% 1981). As large.diameter nerve fibres need a smaller extracellular stimulus for their activation than smaller fibres (BLAIR and ERLANGER, 1933) , electrical stimulation recruits large motor units (driven by large-diameter motoneumns) before smaller ones. This results in poor control of muscle force (SOLOMONOV~, 1984) . The control of muscle force would be improved by the restoration of physiological recruitment order by primarily activating small-diameter motoneurons.
Another application of selective small fibre activation is in urology. Electrical sRmulafion of ventral sacral roots to induce urinary bladder empty;rag results in simultaneous activation of the detrusor and the urethral closure mechanism, leading to little or no voiding (SC~alDT, 1986) . As the detrusor is innervated by fibres of a smaller diameter than the urethral sphincter (SCKALOW and B,~a~T~, 1992) , selective activation of the small fibres in the ventral sacral roots would result in Selective small-fibre activation can be obtained by a combination of excitation of both large-and small-diameter fibres, and blocking, distal to the excitation point, the propagation of the induced action potentials in the larger fibres. Blocking may occur close to an anodal contact due to hyperpotarisation of the nerve membrane. If the nerve membrane is sufficiently hyperpolarised, action potentials cannot pass the hyperpolarised zone and are annihilated. As large-diameter fibres need a smaller extracellular stimulus for blocking than smaller fibres (ACCORNERO et al., 1977; FANG and MORTIMER, 1991a; RIJKI-tOFF et al., 1994) , a selective blockade of the large fibres is possible, tt has been shown by computer modelling and in animal experiments that a tripolar electrode configuration can be used to achieve selective smallfibre activation (FANG and MORTIMER, 1991a, b; RIJKI-IOFF et aL, 1993 .
However, the most simple configuration to achieve selective small-fibre activation is monopolar stimulation using a cathodal current. The blockade is caused by hyperpolarisation of the regions of the fibre at some distance from the cathode. This effect is presented by Ranck as the 'anodal surround' effect (RANCK, 1975) . Rattay was the first to show this blocking effect in a computer model when simulating the responses of unmyelinated fibres to monopotar stimulation (RATTAY, 1987) . The influence of both fibre diameter and pulse duration on the threshold for blocking has been investigated by Tai and Jiang, but they also used a model of an unmyelinated axon fraI and JIANG, 1994). As beyond 1.5 pan all mammalian nerve fibres are myelinated, their results have a limited value. T-heoretieal results on blocking of myelinated fibres have been Fig. 1 Electrical network equivalent of myelinated nerve fibre reported previously (RATTAY, 1989) but those data were only presented as a demonstration of the model capabilities.
In this paper, the possibilities of selective activation of small myelinated nerve fibres using a monopolar cathodal point electrode are investigated using a computer model. II1 order to obtain an insight into the influence of stimulation parameters on fibre diameter selectively, we have investigated the effect of fibre diameter, cathode-fibre distance and pulse duration on the threshold currents needed for excitation and blocking.
Methods
The propagation of an action potential in a myelinated nerve fibre is a consequence of the electrical properties of the axon. These electrical properties can be represented by an electrical network, as shown in Fig. 1 . The membrane at each node of Ranvier is represented by an electrical circuit consisting of a capacitor Cm, a voltage source Vmt and a nonlinear resistor R,~. R= represents the resistance of the axoplasm between two neighboufing nodes of Ranvier. This model was adopted from that of McNeal (MCNEAL, 1976) .
To calculate the response of a fibre to an extmceilular electric potential field, the following relation was derived between the reduced transmembrane voltage V. 
O)
Assuming that the axon is a cylinder with constant diameter a~ then the intra-axonal resistance Ra, the nodal membrane capacity Cm and the ionic current/~o.,, can be expressed in fibre parmneters:
The symbols and the parameters of the nerve fibre model are summarised in the Appendix. Inserting eqn. 2 into eqn. 1 yields
The only variable in eqn. 3 that needs a further description is the ionic transmembrane current density ieo, at the nodes of Ranvier. McNeal used the Frankenhaeuser-Huxley equations, derived from a myelinated frog nerve, to describe the dynamic behaviour of the membrane resistance at the nodes of Ranvier (MCNEAL, 1976) . The properties of mammalian nerve fibres, however, are different. Most notable is that the voltagedependent potassium channels shown in amphibians are almost absent at the nodes of Ranvier in mammals (CHtU et aL, 1979; BRISMAR, 1980) . Sodium and leakage currents seem to dominate in those membranes. Therefore, the equations of the membrane kinetics have been adapted according to Chiu et al., who derived them from experimental data from myelinated rabbit axons (Cmu et al., 1979) . All temperature-dependent parameters were scaled to 37~ (equations and parameters are described elsewhere; STRtltlK et aL, 1992) . For simplicity we assumed that the fibre lies in an infinite homogeneous medium. The fibre is stimulated using a single point source, and so the electrical potential ~ at each node can simply be calculated by
with r the distance between current source and each node, I the stimulation current (cathodal current I < 0) and p~ the electrical resistivity of the external medium. For p~ a value of 3 Dan was used, which is an average value for nervous tissue (GEDDES and BAKER. 196;9.
The initial value of the transmembrane voltage of all nodes Vn(t = 0) was set at zero. The integration time step was 1-0/is. To calculate the excitation and blocking thresholds, the fibres always had 15 nodes with a nonlinear membrane resistance.
Results
Approximately 100 #s after the onset of a rectangular subthreshold stimulus pulse, the transmembrane potential distribution along a fibre becomes constant until the pulse stops. Fig. 2 shows the transmembmne potential distribution of a 10 #m fibre when stimulated by a cathodal point source at 1.0 mm distance with 0.22 mA (excitation threshold 0.226 mA), The distribution has a typical triphasic shape with a central positive maximum flanked by two negative peaks. At the positive part, the fibre is locally depolarised, whereas at the negative parts the fibre membrane is hyperpolarised. When the membrane depolarisation exceeds the excitation threshold, the fibre is excited and produces an action potential. The action potential then propagates in both directions. However, if the membrane is sufficiently hyperpolarised when the action potential arrives at the hyperpolarised zone, the action potential cannot pass this zone and the propagation is blocked. Fig. 3 shows the responses of a 10 #m myelinated fibre model to a 200 ,us rectangular pulse with two different amplitudes. At each node, depolarisafion is shown with a bar above the line, whereas hyperpolarisation is indicated below the line. Fig. 3a shows the response to a stimulus of 0.35 mA, being above the excitation threshold of 0-226 mA. 50 ,us after the beginning of the stimulus (top line) the central node is excited, and with increasing time there is successive excitation of nodes left and right of the centre node, indicating that an action potential propagates in both directions. The action potential propagates through the hyperpolarised regions, indicating that the membrane is not sufficiently hyperpolarised to block the action potential. Fig. 3b shows the response to a stimulus of 1.30 mA, being above the blocking threshold of 1.19 mA, The fibre is again excited at the centre node, but the action potential cannot pass the t-wo zones where the fibre is hyperpolarised. The propagation is blocked and the action potential dies out.
Relation between excitation/blocking threshoM and fibre diameter
Using a 300/~s pulse, we c~dculated the excitation and blocking thresholds for various fibre diameters. As the thresholds are infiueneed by the relative position of the point source to the nodes of Ranvier (RANCK, 1975; RATTAY, t987) , both excitation and blocking thresholds have been calculated for two different electrode positions:
(a) fight above the centre node (b) at half the intemodal distance from the centre node, both at 1.0 man from the fibre.
The results (Fig. 4a) show that the current needed to excite or to block a fibre increases with decreasing fibre diameter. The highest excitation threshold is found with the electrode centred between two nodes. However, the influence of the electrode position relative to the node on the excitation threshold decreases with decreasing fibre diameter. The excitation threshold ratio of position (b) to position (a) decreases from 1.95 to 1.07 when the fibre diameter is reduced from 20/an to 5 ,um.
The influence of electrode position on the blocking thresholds also decreases with decreasing fibre diameter. However, the electrode position that results in the lowest blocking threshold depends on the fibre diameter. For example, the block ratios of position (b) to position (a) for 20 #m, 15/~m and 10 #m fibre are 1.29, 0-87 and 1-05, respectively. The _.,11111111111,. shaded area in Fig. 4a indicates the minimum range for any fibre diameter resulting in excitation without blocking, independent of the cathode position with respect to the Ranvier nodes. The blocking threshold is always higher than the threshold for excitation. The ratio of blocking threshold to excitation threshold depends on the electrode position and decreases with increasing fibre diameter. Fig. 4b shows that if the cathode is centred between two neighbouring nodes (broken line), the ratio decreases gradually from 7.1 for 3-5 vm fibre to 2.6 for 20/an fibre. When the cathode is above a node, the ratio does not continuously decrease with increasing fibre diameter. Between 10 and 15/an the ratio increases a little, but overall it decreases from 6.9 for 3.5 pm fibre to 4.0 for 20 fan fibre. Fig. 4a aLso shows the possibility of obtaining selective small fibre activation. Using a stimulus of 2.3 mA, all fibres greater than .-~ 1.6/an are excited (point A), whereas all fibres above '--5.8/an are blocked (point B), thus resulting in the selective acfivadun of all fibres between 1.6 and 5.8/an at a distance of 1.0 mm from the cathode.
Relation between excitation/blocking threshoM and electrode--fibre distance
The nerve fibres in a nerve bundle are at different distances from the cathode. To assess the influence of the distance betwer fibre and cathode on the thresholds for excitation and blocking, we calculated the thresholds for a 5/zm and 15 pm fibre at various distances from the cathode. The thresholds have again been calculated for two different electrode positions:
(a) above a node of Ranvier (b) centred between two neighbouring nodes.
The results (Fig. 5a) show that both excitation and blocking thresholds increase with increasing cathode-fibre distance.
Thus an increasing current would first excite and block the fibres closest to the electrode. Fibres at a larger distance from the electrode are only excited and blocked at higher current levels. The influence of the electrode position on the excitation threshold only decreases slightly with increasing electrodefibre distance. For example, increasing the distance from 0.4 to 1.8 ram reduces the difference in excitation threshold of a t5 ,urn fibre between position (b) and position (a) from 0-106 mA to 0.101 mA.
Close to the cathode (< 0.7 ram), the excitation threshold range of the 5 lma fibre overlaps the excitation threshold range of the 15 #m fibre, and selective activation of small fibres becomes accidental. At a distance of less than 0.5 mm the blocking thresholds of the t 5/tin fibre is very close to its excitation threshold.
The position of the cathode relative to the nodes strongly influences the blocking threshold. The electrode position that yields the lowest blocking threshold depends on the cathodefibre distance. From 0.4 to 0.8 nun the blocking threshold of the 15/zm fibre is the lowest with the electrode above a node of Ranvier, whereas at distances of between t.0 and 1-6 mm the threshold is lowest with the electrode centred between two neighbouring nodes.
The ratio between blocking threshold and excitation threshold increases with increasing electrode-fibre distance (Fig. 5b) and again there is a large relative influence of the electrode position with respect to the nodes of Ranvier.
Selective small fibre activation is only possible in a certain cathode-fibre distance range. Fig. 5a shows the feasibility to activate 5/an fibres without activating 15/an fibres in a range between 0.77 ram (point A) mad t.36 mm (point B) using a era-rent of 1.5 mA. At smalter distances the current is above the blocking threshold of 5 / a n fibres, whereas at larger distances the current is below the blocking threshold of the 15/an fibres. Beyond 1-73 mm the stimulus is not even sufficient to activate the 5 / a n fibres (point C). At higher currents the distance range at which selective activation occurs increases. 
Relation between excitation/blocking threshoM and pulse duration
The propagation velocity of a nerve fibre is proportional to the fibre diameter. Therefore, if for each fibre diameter the most hyperpolarised node is at the same distance from the excitation point, it would take longer for an action potential of a small fibre to propagate from the excitation point to the hyperpolarised zone than for an action potential of a larger fibre. It may thus be possible to obtain a selective large fibre blockade by selecting the right pulse duration~ Therefore, the influence of pulse duration on btoeking threshold has been calculated for two fibre diameters (5 and 20 ttm). As the position of the most hyperpolarised node depends on the cathode-fibre distance and the position of the cathode relative to the Ranvier nodes, the blocking thresholds have been calculated for two cathode-fibre distances (0-6 nun mad 1-4 ram) and two electrode positions: (a) above a node (b) centred between two neighbouring nodes.
The relation between pulse duration on bloc'~ag threshold differs from the relation between pulse duration and excitation threshold. The reason is that blocking of an induced action potential at the minimum current must occur at the node with the greatest hyperpolarisation. This node is only a few nodes apart from the node that is first excited (Fig. 2) . As it takes lime for the action potential to propagate from the first excited node to the hyperpolarised node, them is a minimum pulse duration for blocking at iow currents. Moreover, the hyperpolarising stimulus must stay at that node to compensate for the dcpolarising effect of the action potential at the neighbouring node, so long as the latter can cause dcpolarisation above the threshold. At smaller pulse &arations blocking must occur at a node closer to the excited node, but due to a hyperpolarisation below the maximum value a higher current is rrecessary to block the action potential (R~JKHOFF et al., 1994) .
The lowest thresholds have been calculated with pulse durations above 250/gs. To compare the influence of the pulse duration on the blocking threshold, the calculated thresholds have been nommlised by dividing them by the minimum threshold at 250/zs. When decreasing the pulse duration, the threshold remains almost constant until it suddenly rises sharply. Although in some cortfigtwations, the blocking thresholds show some discrete steps in the curves due to the previously explained effect of ehanging the blocking node (Fig. 6) .
The pulse duration at which the sharp threshold increase occurs increases a little with decreasing fibre diameter, but is also influenced by the electrode position and the cathode-fibre distance. A different position can influence the minimal pulse duration to block a fibre at tow currents by 60/~s (5/~m fibre at 1.4 mm distance), The resulting minimum pulse duration to block all fibres of a given diameter at minimum current is 235/Js and 190/zs, for 5/~m and 20/~m fibre, respectively. When using a current level of 1-5 times the minimum blocking threshold, a minimum pulse duration of 130 #s must be used to block all 20/zm. This coincides with the maximum pulse duration which can be used without blocking any 5/Jm, regardless the current level. Thus pulse duration alone probably cannot be used as a parameter to obtain selective activation of small-diameter fibres.
Discussion
The aim of this study was to investigate the possibility of electrically activating small diameter myelinated nerve fibres without activating larger ones. Therefore, threshold currents have been calculated for excitation and blocking of nerve fibres with different diameters at different positions relative to the electrode.
The model to calculate the responses of myelinated nerve fibres to electrical stimulation consists of two parts that are not coupled. The first part is a volume conductor. In this part the electrical potentials external to the nodes of Ranvier imposed by the stknulus are calculated. These potentials are the input for the second part which is a myelinated nerve fibre model. A consequence of this method is that any infiuenee is ne~ected due to currents generated by the active fibres on the electric field imposed by the stimulation current. A significant influence on the excitation thresholds is not expected, assuming that most fibres are inactive when a sthnulus is given. However, blocking thresholds could be influenced. The isotropie and homogeneous volume conductor model is a simplified representation of the biological volume conductor. Anisotropy of nervous tissue and inhomogeneities such as blood vessels and connective tissue were not considered. These aspects can, however, be incorporated when using a more complex volume conductor model (ALTMAN and PLONSEY, 1988; VELTINK et al., 1988 VELTINK et al., , 1989 .
It is known from experiments on anodal blocking of peripheral nerves that fibre excitation can occur at the end of long-duration rectangular hyperpolarising pulses ( VAN DEN HONERT and MORT/MER, 1981; FANG and MORTIMER, 1991a) . This anodaI break excitation phenomenon does not occur in the model. Hence, extending the pulse with a gradual decay (e.g. linear or exponential), as used experimentally to prevent excitation, was not necessary in the simulations.
The stimuli used in the study were monophasic current pulses. In chronic implants, however, monophasic valses might induce neural damage and electrode contact corrosion due to a net transfer of a charge at the contact. A secondary reversed pulse must be added to reduce the net injected charge. In tripolar stimulation this is a problem, because the anodes become cathodic and may cause excitation if the threshold is exceeded, h monopolar stimulation this is less of a problem, because the cathode becomes anodic and more current is required from an anode than from a cathode to excite an axon (RANCK, 1975) .
The calculated relation between excitation/blocking threshold and fibre diameter (Fig. 4a) shows the possibility of achieving selective small fibre activation. Utffortunately, there is a large relative influence of the cathode-fibre distance. This prevents a uniform selective activation of small fibres in the whole nerve bundle and limits it to a region some distance from the cathode. The region is limited because smaJ1 fibres may be blocked close to the cathode whereas at greater distances either the large fibres are not blocked or the small fibres are not activated. The influence of the cathode-fibre distance will, however, be reduced when using a small ring electrode around the nerve bundle instead of a point source.
Only a few quantitative experimental data on monopotar blocking, useful for a comparison with our theoretical resallts, have been published. Roberts and Smith reported a ratio of blocking threshold to excitation threshold of 8.3~2-7 (mean+ SD) when stimulating fibres in the spinal cord of a cat using a pulse duration of 0.t ms (ROBERTS and SMITH, 1973) . However, absolute thresholds, fibre diameters and electrode-fibre distances have not been reported. Their blocking/excitation ratio is, however, a little higher than our model predicts (Fig. 5b) . Surprisingly they obtained blocking using a 0.1 ms pulse duration which is less than the minimum pulse duration predicted for a 20/~m fibre.
Tai and Jiang demorkqtrated blocking effects of large fibres in a toad's sciatic nerve at 18.5~ however they needed 20 mA to obtain blocking (TAI mad fflANG, I994). This high current was probably because the anode was positioned only 2.5 cm from the cathode, opposite the place where blocking was intended. This probably reduced the hyperpolarising effect at the intended blocking site. Dmyer et al. described how they failed to obtain blocking when stimulating the median and superficial radial nerves using monopolar surface electrodes in h-maus (DREY~R, et al., 1993) . In their configuration the distance between electrode and nerve is more than 2 ram. Our model predicts a ratio between excitation and blocking of more than 4 for this distance (Fig. 5b) . Measurements of the evoked compound action potentials showed a maximum response at a cathodal stimulus of 22-7 mA (mean), and so blocking should occur around 90 mA. However, the stimulator of Dreyer et aL was limited to 80 mA, which is below the blocking threshold and therefore they did not obtain blocking effects.
Our theoretical results show the feasibility of obtaining selective small fibre activation using a single cathode. Although at least two electrode contacts are necessary, stimulation is considered monopolar if only the cathode is close to the target nerve bundle. The second contact (anode) is located at some distance from the cathode. It is possible that the current flow from the cathode to the anode excites other excitable tissue around the electrodes. Although this side-effect can be reduced by employing an anode with relatively large dimensions, it could limit the clinical application of this method.
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